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Announcements 



The cover shows a venule (25 fim in diameter) in the 
mouse mesentery, observed by intravital microscopy. 
Leukocytes whose motion was slowed down by rolling 
on the walls of the vessel are seen as refractile circles. 
No rolling leukocytes are observed in vessels of ani- 
mals lacking P selectin. For details see the article by 
Mayadas et al. in this issue. 
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Summary 

P selectin, expressed on surfaces of activated endo- 
thelial cells and platelets, is an adhesion receptor for 
leukocytes. We report that P selectin-deficient mice, 
generated by gene targeting in embryonic stem cells, 
exhibit a number of defects in leukocyte behavior, in- 
cluding elevated numbers of circulating neutrophils, 
virtually total absence of leukocyte rolling in mesen- 
teric venules, and delayed recruitment of neutrophils 
to the peritoneal cavity upon experimentally induced 
inflammation. These results clearly demonstrate a role 
for P selectin in leukocyte interactions with the vessel 
wall and in the early steps of leukocyte recruitment at 
sites of inflammation. These mutant mice should prove 
useful in deciphering the contributions of P selectin 
in various inflammatory responses as well as in platelet 
functions. 

Introduction 

Emigration of circulating leukocytes from blood into sur- 
rounding tissues is a critical component of inflammation. 
On the other hand, excessive accumulation of leukocytes 
can lead to inflammatory disease. The cell adhesion 
events leading to arrest of circulating leukocytes and their 
exit from the vasculature presumably rely on the appro- 
priate expression and function of cell surface adhesion 
receptors on the leukocytes and/or the endothelial cells 
at sites of inflammation. During the past decade, a variety 
of adhesion receptors have been implicated in teukocyte- 
endothelial interactions and are thought to play roles in 
recruitment, arrest, and extravasation of leukocytes (re- 
viewed by Butcher, 1991; Carlos and Harlan. 1990; 
Springer, 1990). 

A critical role is played by the family of 32 or leukocyte 
integrins (Arnaout, 1993; Springer, 1990). This is shown 
most clearly by the existence of a genetic disease, leuko- 
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cyte adhesion deficiency I (LADI), caused by a mutation 
in the (12 integrin gene. LADI patients have elevated levels 
of circulating leukocytes, but extravasation of these cells 
to sites of infection and inflammation is impaired. Thus, 
no pus forms, and the patients are subject to recurrent 
bacterial and fungal infections (Anderson and Springer, 
1987). The (52 integrins promote leukocyte adhesion to 
activated endothelial cells but are in an inactive state and 
are functionally up-regulated only upon leukocyte activa- 
tion. Although (32 integrin-mediated leukocyte adhesion 
is crucial, as illustrated in LADI syndrome, it does not pro- 
vide the specificity for leukocyte recruitment. The effective 
arrest of leukocytes at a site of inflammation requires local 
activation of circulating leukocytes. For this to occur, the 
leukocytes first transiently interact with the activated endo- 
thelium, which slows their transit, thus allowing activation 
of their ^2 integrins leading to arrest and extravasation. 
This transient interaction is manifested as rolling of the 
leukocytes along the vessel wall in areas of inflammation 
(Atherton and Born, 1972, 1973). Leukocytes from LADI 
patients do roll when tested in animal models (von Andrian 
et al.. 1993), demonstrating that rolling is not dependent 
on (i2 integrins. 

A variety of lines of evidence suggest that rolling is medi- 
ated by another family of adhesion receptors, the selectins 
(reviewed by Lasky and Rosen, 1992; Bevilacqua and Nel- 
son, 1993). There are three known selectins, encoded by 
three closely linked genes clustered within 300 kb on hu- 
man and mouse chromosome 1 (Watson et al., 1990). 
Each selectin has an N-terminal, C-type lectin domain and 
an adjacent epidermial growth factor-like domain con- 
nected to transmembrane and short cytoplasmic domains 
by a series of protein repeats related to those of comple- 
ment-binding proteins. The lectin domain, and possibly 
also the epidermal growth factor-like domain, are essen- 
tial for adhesive function and mediate the binding of selec- 
tins to specific carbohydrate structures on glycoprotein 
ligands (reviewed by Lasky, 1992). One of the selectins, 
L selectin, is constitutively expressed on neutrophils, 
monocytes, and many lymphocytes, whereas the other 
two, P selectin and E selectin, are expressed on activated 
endothelial cells. P selectin is also expressed on activated 
platelets. Although both P and E selectins are expressed 
on activated endothelial cells, their kinetics of expression 
differ markedly. Preformed P selectin is stored in endothe- 
lium-specific storage granules called Weibel-Palade bod- 
ies (Weibet and Palade, 1964; Bonfanti et al., 1989; 
McEver et al., 1989) and in the a granules of platelets 
(Stenberg et al., 1985; Berman et al., 1986). It is redistrib- 
uted to the cell surfaces of platelets (McEver and Martin, 
1984; Hsu-Lin et al., 1984) and endothelial cells (Hattori 
et al., 1989) within minutes after stimulation of these two 
cell types with various agonists such as thrombin and cal- 
cium ionophore A23187. In contrast, E selectin is not con- 
stitutively expressed, nor is it stored. Its biosynthesis is 
inducfed by endotoxin or inflammatory cytokines with maxi- 
mal surface expression 4-6 hr after stimulation (Bevilac- 
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qua et al., 1987). Both P and E selectins have been shown 
to mediate adhesion of leukocytes to activated endothelial 
cells (Bevilacqua et aL, 1987; Geng et al., 1990) and, in 
the case of P setecttn, activated platelets (Larsen et a!., 
1989). 

When tested under flow conditions in vitro, P selectin 
in a lipid bilayer promotes rolling of neutrophils and is a 
prerequisite for activation-induced adhesion of leukocytes 
to the (32 integrin ligand intracellular adhesion molecule 
1 (Lawrence and Springer, 1991). In addition, antibody 
inhibition experiments have implicated L selectin in medi- 
ating rolling in vivo (von Andrian et al., 1991; Ley et al., 
1991). However, antibodies or selectin-immunoglobulin 
chimeras that block the functions of P or E selectin have 
been shown to interfere with recruitment of leukocytes at 
various inflammatory sites in vivo (Lewinsohn et al., 1987; 
Watson et al., 1991; Mulligan et al., 1991, 1992). So it 
seems likely that these two selectins are important players 
in leukocyte recruitment in vivo, presumably by promoting 
rolling. 

To test this proposition and to investigate the biological 
function of P selectin, we have generated a mouse strain 
deficient in P selectin using the methods of homologous 
recombination in embryonic stem (ES) cells (reviewed by 
Capecchi, 1989). 

Results 

Generation of P Selectin-Deficlent Mice 
We isolated several mouse P selectin genomic clones and 
chose one containing exon 3 and exon 4 to construct a 
replacement vector (Thomas and Capecchi, 1987; Man- 
sour et al., 1 988). Exon 3 encodes the last 1 0 amino acids 
of the 41 amino acid signal peptide and the entire (116 
amino acid) lectin domain, and exon 4 encompasses the 
epidermal growth factor domain. The exon-intron bound- 
aries in this region were identical with those of the human 
gene (Johnston et al., 1990). We constructed our gene 
replacement vector so that, upon homologous recombina- 
tion, this construct would replace 62 bp of intron se- 
quences preceding exon 3 and 111 bp of the protein- 
encoding region (corresponding to the 10 amino acid 
signal peptide and 27 amino acids of the lectin domain of 
exon 3) with PGKneo (a neomycin expression cassette) 
in the opposite transcriptional orientation to P selectin (Fig- 
ure 1 A). We included 4.6 kb and 1 .2 kb of genomic DNA 
upstream and downstream of the neomycin resistance 
cassette, respectively. To select against celts that take up 
DNA by random integration, viral thymidine kinase cas- 
settes (herpes simplex virus [HSV] tk) were added to both 
ends of the targeting vector (Figure 1 A). After transfection 
of D3 ES cells (derived from strain 1 29Sv) with the replace- 
ment vector, clones resistant to G418 and gancyclo- 
vir were screened by Southern blotting of Xhol-Xbal-di- 
gested genomic DNA; genomic sequences not included 
in the replacement vector were used as a probe. Three 
independent clones out of 1 84 surviving positive/negative 
selection (Mansour et al., 1988) were identified in which 
one P selectin allele had incorporated the desired muta- 
tion. The fidelity of homologous recombination was veri- 
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Figure 1 . Design of the Replacement Vector and Southern Blot Analy- 
sis of Representative Tail Biopsies 

(A) The P selectin locus (wild-type allele) and the replacement vector 
are shown. To construct the replacement vector, a Hindlll-MscI (173 
bp) fragment from the P selectin gene was deleted and replaced with 
a 1.7 kb neomycin gene cassette driven by a PGK promoter. The 
protein-encoding region deleted from exon 3 included 10 amino acids 
of signal peptide and 27 amino acids from the lectin domain. The 3' 
tlanking probe used for screening ES cell clones and genotyping mice 
is indicated (Southern Probe). The probe detects a >10 kb BamHI 
fragment from the wild-type allele and a 3.4 kb BamHI fragment derived 
from the targeted allele, since the neomycin gene introduces a new 
BamHI site. EV, EcoRV; Hill, Hindllt. 

(B) Genomic DNA was isolated from a litter of eight mice from a hetero- 
zygous intercross. DNA was digested with BamHI. etectrophoresed, 
and blotted. The hybridization probe was as indicated in (A). Fragments 
obtained from wild-type and targeted alleles are indicated. Two mice 
in the litter are homozygous for the mutation (asterisks). Lane 1 repre- 
sents a digest of the ES cell genomic DNA. It is heterozygous for the 
P selectin mutation and is shown for comparison. 



tied by digesting genomic DNA with other enzymes (Xhol- 
Spel. Xbal-Xhol, and BamHI alone), followed by Southern 
blot analysis. All three digestions produced fragments of 
the predicted sizes (see Figure 1 A), suggesting that unto- 
ward recombinations did not occur in the vicinity of the 
desired homologous recombination. 

The clones were expanded and microinjected into 
C57BU6J blastocysts to make chimeric mice. Three inde- 
pendent heterozygous ES cell clones gave fertile chimeras 
that transmitted the mutant allele to their offspring (Table 
1), Heterozygous mice represented 49% of the agouti 
progeny of the chimeric mice, indicating that the mutant 
allele has no effect on viability in heterozygous mice. The 
heterozygous mice appeared normal in size, general 
health, fertility, and longevity (up to 14 months of age). 

Litters resulting from intercrosses between mice hetero- 
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Table 1 . 


Generation of Chimeric Mice and Germline Transmission 




Coat Color 


Progeny: 




Chimera 


Chimertsm (%) 


Agouti/Total 


Germline (%) 


Clone 3 








CMll 


90 






CM12 


90 


27/64 


42 


CM13 


90 


46/46 


100 


Clone 32 








CM1 


90 


30/32 


94 


CM2 


80 


6/24 


25 


CM16 


70 


No litters 




CM19 


90 


No litters 




Clone 28 








CM7 


70 


No litters 




CM17 


40 


31/48 


90 


CM18 


50 


31/32 


97 



. P-selectin 
A 

Genotype: +/+ +/- -/- 
a b a b a b 

9.5 — 



E-selectin 



+/ + 
a b 



+ /- 
a b 



a b 



Three independent ES cell clones heterozygous for the P selectin 
mutation were injected into C57BL/6J blastocysts to produce chimeric 
animals. The percentage of coat mosaicism was scored by approximat- 
ing the percentage of agouti coat color present. Germline transmission 
was determined by scoring the number of agouti offspring sired by 
chimeric males mated with C57BLy6J females. 




Reverse Primer 



zygous for the P selectin mutation were analyzed to deter- 
mine whether or not homozygous mutant mice were via- 
ble. Litter sizes were normal, and analysis of tail biopsies 
revealed the presence of homozygous mutant animals 
(Figure IB). Analysis of tail DNA of 340 (approximately 
5-week-old) offspring, originating from all three ES cell 
clones, indicated that homozygous mutant mice were 
present at a frequency of 28%. This is close to the ex- 
pected Mendelian frequency (25%), indicating that disrup- 
tion of the P selectin gene did not result in embryonic 
lethality. The homozygous mutant mice appeared grossly 
normal and were comparable in body weight to wild-type 
animals. Nineteen wild-type and 19 homozygous mutant 
animals each weighed, at approximately 3 months of age, 
27,6 ± 4.8 g and 27.1 ± 4.0 g (mean ± SD), respectively. 
The animals were fertile and had normal bone structure 
as assayed by full-body X-rays of 3 wild-type and 3 homo- 
zygous mutant animals (data not shown). Up to 1 2 months 
of age, the general health and viability of homozygous 
mutant mice appeared normal. 

Verification of the P Selectin Null Allele: 
RNA Analyses 

To determine whether intact P selectin message was pres- 
ent in homozygous mutants, we performed Northern blot 
analysis of lung and liver RNA isolated from wild-type, 
heterozygous, and homozygous mutant mice. Since P se- 
lectin message in mouse tissue is present at very low lev- 
els, we treated the mice with lipopolysaccharide (LPS) for 
3.5 hr prior to harvesting lung and liver for RNA isolation; 
LPS results in a significant increase in P selectin message 
in the lung and liver of mice (Sanders et al., 1992). A 3.3 
kb P selectin transcript appeared in heterozygous animals 
at approximately half the levels present in wild-type ani- 
mals, whereas homozygous mutant animals had no de- 
tectable P selectin message of the expected 3.3 kb molec- 




Figure 2. Analysts of Selectin Transcripts 

(A) RNA samples (15 ng) from LPS-treated mice were electrophoresed 
on a 1% agarose gel and subjected to Northern blot analysis with 
probes for mouse P selectin or rat E selectin. Samples were from tung 
(a) and liver (b) of wild-type (+/+), heterozygous mutant (+/-). and 
homozygous mutant (-/-) animals as indicated. Messages for both 
selectins were expressed at significantly higher levels in the lung than 
in the liver. RNA molecular size standards in kb are indicated to the 
left. In parallel, as a control for the quantity of RNA loaded, the identical 
loadings of RNA samples were electrophoresed and stained with ethid- 
ium bromide. 28S and 183 ribosomat bands were comparable in all 
the samples loaded (data not shown). 

(B) Reverse transcriptase-PCR analysis of P selectin mRNA. cDNA 
synthesis was performed from total liver RNA of +/+, +/-. and 
mice. In the schematic of the P selectin genomic DNA, distances be- 
tween exons are arbitrary or only crudely estimated. PGR primers, 
as indicated, were used to amplify a fragment downstream from the 
insertion site of PGKneo. Amplified PGR products were electropho- 
resed on a 1% agarose gel and subjected to Southern blot analysis. 
A cDNA prot>e spanning the region between, and not including, the 
primers was used to identify P selectin-specific PGR products. The 
hybridizing PGR product corresponded to the expected molecular 
weight of 1 . 1 kb. 



ular weight (Figure 2A). Upon longer exposure (three times 
that shown in Figure 2A), an RNA species of approximately 
4.8 kb was observed in the mutant animals at <1% of the 
level of the 3.3 kb P selectin message detected in wild-type 
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animals. A duplicate blot was analyzed with a neomycin 
probe; besides the expected 0.9 kb neomycin transcript, 
the neomycin-de rived probe also hybridized to higher mo- 
lecular weight transcripts, including one of approximately 
4.8 kb (data not shown). This is consistent with the possibil- 
ity that the high molecular weight band observed in the 
homozygous animals arose from the inclusion of all or a 
portion of the neomycin cassette by aberrant or cryptic 
splicing. To confirm equal RNA loading and equivalent 
LPS responses in the different mice, RNA samples were 
also probed for E selectin mRNA. Similar levels of E selec- 
tin mRNA were observed in the lung tissue of alt animals. 
Interestingly, liver from the same animals had very low 
levels (Figure 2B) of E selectin mRNA compared with lung. 
Differential expression after induction by LPS was also 
evident for P selectin message, which was much more 
prominent in lung than in liver (Figure 2A). 

We used reverse transcriptase-polymerase chain reac- 
tion (PGR) as another approach to determine whether P 
selectin-specific transcripts were present at low levels in 
homozygous mutant animals. A 1 .1 kb P selectin-specific 
fragment was amplified in wild-type and heterozygous ani- 
mals, as expected. The same PGR product was detected 
at much lower levels in homozygous mutant animals (Fig- 
ure 2B). We conclude that a P selectin-specific transcript 
of the expected 3.3 kb size cannot be detected in homozy- 
gous mutant animals using Northern blot analysis. How- 
ever, a larger transcript, possibly originating from a P se- 
lectin-neomycin hybrid, is present at very low levels in 
tissues of homozygous mutant animals. Even if such a 
transcript were present, we would not expect functional 
P selectin to be synthesized, since our replacement vector 
deletes 24% of the signal peptide, the 3' acceptor site of 
exon 3, and 23% of the lectin domain. Deletion of a portion 
of the signal peptide should prevent transport of the P 
selectin polypeptide into the endoplasmic reticulum, and, 
if the P selectin molecule were to be assembled by alter- 
nate or cryptic splicing events, deletion of part of the lectin 
domain should render the molecule nonfunctional, since 
the lectin domain is required for ligand binding (reviewed 
by Lasky, 1992). 

Cytofluorimetric and Biochemical Analysis of P 
Selectin Expression in Platelets and 
Lung Endothelium 

To examine whether we had indeed generated a null muta- 
tion at the protein level, we studied P selectin expression 
in platelets and in the lung, a highly vascularized tissue. 
P selectin in platelets was visualized by immunofluores- 
cence staining of resting platelets. Permeabilized platelets 
were stained for either P selectin or von Willebrand factor 
(vWf), both of which are in a granules. Platelets of wild-type 
mice were positive for vWf (data not shown) and P selectin . 
On the other hand, the platelets of homozygous mutant 
mice gave a punctate pattern characteristic of platelet a 
granules when stained for vWf but were negative for P 
selectin staining (Figure 3). We also used flow cytometry to 
measure levels of surface P selectin (Figure 4A). Activated 
platelets from wild-type animals were positive for P selec- 
tin, while the fluorescence associated with activated plate- 
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Figure 3. Immunofluorescence Analysis of Platelets 
Blood smears from wild-type (■*-/+) and homozygous mutant (-/-) mice 
were prepared. They were fixed, permeabilized, and stained with either 
polyclonal antibody to P selectin or polyclonal antitx>dy to vWf followed 
by FITC-conjugated secondary antibody; negative control was stained 
with secondary antibody alone. Although a granules are present in 
both wild-type and mutant platelets, P selectin is found only in the wild 
type and not the mutant. 



lets from homozygous mutant animals was the same as 
background controls. To test whether P selectin is im- 
portant for granule translocation to the surface, we as- 
sayed a granule release in homozygous mutant and wild- 
type animals. The criterion for platelet activation was the 
presence of vWf on the surfaces of activated platelets. 
vWf is not present on the surface of resting platelets but, 
after platelet activation, a portion of vWf released from a 
granules binds to the surfaces of the activated platelets 
and can be detected with an antibody to vWf (Koutts et al., 
1978). Both wild-type and homozygous mutant platelets 
show surface binding of vWf on thrombin activation (Figure 
4B). This strongly indicates that P selectin is not required 
for a granule release and that the absence of P selectin 
on the surfaces of activated platelets from homozygous 
mutant animals is indeed attributable to the absence of 
P selectin in platelets. 

We examined P selectin expression in the endothelium 
by metabolic labeling of lung, a highly vascularized tissue. 
Lungs were obtained from three LPS-treated and three 
control animals, and each group was pooled. LPS dramati- 
cally increases P selectin message (Sanders et al., 1992) 
and would therefore be expected to result in increased 
levels of P selectin protein. Lung pieces were metabolt- 
cally labeled with p^SJcysteine in organ culture, and ex- 
tracts were immunoprecipitated with a polyclonal antibody 
to vWf followed by immunoprecipitation with a polyclonal 
antibody to P selectin (Figure 5A). vWf was present in 
wild-type and homozygous mutant animals at comparable 
levels both before and after LPS treatment. P selectin was 
present in lungs-of untreated wild-type animals, and its 
synthesis was further induced after LPS treatment. In con- 
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Figure 4. Flow Cytofluorometric Analysts of 
Activated Platelets 

(A) Platelets from wild-type and homozygous 
mutant mice analyzed for P selectin expres- 
sion. Gel-filtered platelets were thrombin acti- 
vated, fixed, and stained for P selectin. Wild- 
type platelets (top panel) show significant 
levels of surface P selectin. Platelets from a 
homozygous mutant mouse (bottom panel) 
show no staining above the background control 
levels seen with, activated wild-type platelets 
stained with control rabbit antibody (control). 

(B) Platelets from wild-type and homozygous 
mutant mice analyzed for vWf expression. 
Resting and activated platelets were stained 
for surface vWf expression to assay platelet 
activation. The histograms for wild-type (top 
panel) and deficient mice (bottom panel) are 
displayed separately. In both cases the mean 
of fluorescence intensity is shifted to the same 
position (indicated by an asterisk) upon platelet 
activation, demonstrating effective release of 
a granules in the absence of P selectin. 
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Genotype 
LPS 



+/+ 




-/- 


-/- 




+ 
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P-selectin 



Control 
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trast, lungs from homozygous mutant animals did not syn- 
thesize P selectin either before or after LPS treatment. We 
repeated the above experiment with an additional three 
wild-type and three homozygous mutant mice analyzed 
individually for P selectin expression. P selectin was de- 
tected in alt three wild-type animals, whereas no P selectin 
was observed in the three homozygous mutant animals 
(data not shown), again confirming that the mutation is a 
true null allele. Our results also show that LPS is a potent 
inducer of P selectin at the protein level in wild-type ani- 
mals (Figure 5A). Since the expression of P selectin is 
restricted to endothelial cells and platelets in humans, the 
presence or absence of P selectin in metal>olically labelled 
mouse lung samples is presumably indicative of its expres- 
sion in endothelial cells. Final proof that mutant animals 
were deficient in P selectin in the endothelium was ob- 
tained by immunofluorescence of lung sections (Figure 
58). vWf, which colocalizes with P selectin in Weibel- 
Palade bodies, was used as a marker for endothelial cells 
(Wagner etal., 1982; Bonfanti etal., 1989); wild-type endo- 
thelial cells were positive for both vWf (data not shown) 
and P selectin, whereas in homozygous mutant animals 
endothelial cells were positive for vWf but were negative 
for P selectin (Figure 5B). 



- / 




P-selectIn 



Figure 5. Analysis of P Selectin Expression in Lung Tissue 

(A) Metabolic labeling of the lung. Lungs from LPS-treated or control 

mice were labeled with pS}cysteine in organ culture. Detergent ex- 



tracts were immunoprecipitated sequentially with antibodies to vWf 
(left panel) and P selectin (right panel). Reduced samples were ana- 
lyzed on a 6% polyacrylamide gel. The precursor and mature forms 
of vWf are indicated as pro-vWf and vWf . Mouse P selectin is indicated. 
Molecular masses of 200. 92, 90. and 69 kd are indicated in the middle. 
(B) Immunofluorescence staining of lung sections. Lung sections from 
untreated wild-type (+/+) and homozygous mutant animals (-/-) were 
stained with antibodies to P selectin or vWf or control antibodies. Peri- 
bronchial venules were photographed for each panel. Although endo- 
thelial celts from mutant animals clearly contain vWf , they lack P selec- 
tin staining. Arrowheads point to granular staining pattern indicative 
of Weibel-Palade bodies. Bar, 20 Mm. 
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Table 2. Peripheral Neutrophil and Platelet Counts (Per Microliter) 





Platelet 


Total Number of 


Neutrophil 


Animals 


Count (x 10*) 


Leukocytes 


Count' 


Wild-type 


9.8 ± 2-5 


7789 ± 2455 


843 ± 447 


(n = 14) 








Mutant 


9.8 ± 2.3 


7813 ± 1955 


2018 * 798 


(n = 14) 









Blood samples from mice derived from all three ES cell clones were 
collected into a small volume of EDTA. Total leukocyte counts were 
determined using a Coulter counter. Platelets were counted on a hemo- 
cytometer. Blood smears were Wrtght*s-stained, and the percentage 
of neutrophils present was determined by counting a total of 200 cells. 
The percentage of neutrophils multiplied by the total leukocyte count 
gave the total number of neutrophils per microliter for each animal. 
Data are presented as mean ± SO. 
' p < 0.001. 



Effects of P Selectin Deficiency on Circulating 
Neutrophil, Leukocyte, and Platelet Counts 

Peripheral leukocyte counts were determined by Coulter 
counts on blood samples after red blood cell lysis, and 
the percentages of leukocyte subpopulations were deter- 
mined by differentia! counts on Wright's-stained blood 
smears. Platelet counts were determined using a hemocy- 
tometer. The results are presented in Table 2. Although 
the total leukocyte counts and platelet counts were not 
significantly different, the basal neutrophil counts in the 
homozygous mutant animals were, on average, 2.4-fold 
higher than those in the wild type. This result was con- 
firmed by subjecting blood samples from seven wild-type 



and seven homozygous animals to flow cytometry. Fluo- 
rescence-activated cell sorting density plots, which clearly 
separate leukocyte subpopulations by size (fonvard angle 
light scatter) versus granularity (wide angle light scatter), 
revealed a 2.4-fold higher granulocyte population in homo- 
zygous mutant animals compared with wild-type animals 
(data not shown). Therefore, by two different assays, the 
P selectin-deficient mice showed a 2.4-fold increase in 
circulating neutrophil counts (see also Figure 8). The ele- 
vation of circulating neutrophil counts in the P selectin- 
deficient mice suggested that there might be a defect in 
the interactions of neutrophils and maybe other leukocytes 
with the vascular endothelium in these mice. 

Leukocyte Rolling in the Microcirculation 
of the Mesentery 

We studied leukocyte rolling by intravital microscropy of 
mesenteric venules (25-35 nM in diameter) in wild-type 
and homozygous mutant mice. Baseline rolling was re- 
corded during the first 10 min following surgery. The num- 
ber of rolling leukocytes can vary between animals, since 
surgery and exteriorization of the mesentery probably 
cause some tissue damage, leading to variable endothelial 
cell stimulation. In ten wild-type mice, the leukocyte rolling 
index was 10.0 ± 2.0 leukocytes per min. However, in 
eight homozygous mutant mice derived from all three mu- 
tant clones, no leukocyte rolling was observed in the ven- 
ules examined (Figure 6). Although we have not examined 
heterozygous animals extensively, studies of two hetero- 
zygotes showed that rolling occured within the range ob- 
served for wild-type mice. 



Wild type 



Mutant 




Figure 6. Basal Intravital Leukocyte Rolling 
Mice were anesthetized, and a midline abdominal incision was made to expose the mesentery. Venular blood flow and diff ractive rollinq leukocvtes 
arrowhead) were videotaped. The flux of leukocytes was quantitated by counting the number of cells passing through a perpendicular plane!n 
m.n. Averages were determ.ned from the initial 10 min of filming. Photographs from one of the recordings are shown^ba^. 20 Z) Romna 
leukocytes were observed ,n ten wild-type mice. 10.0 ^ 2.0 (mean ± SEM) per minute, during a total of 53 min of recording No leukoTwes ^re 
scored as rnteract.ng with the endothelium in 38 min of recording of eight mutant mice «0.03 leukocytes per minute) '^^^^o^^ytes were 
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Table 3. Intravital Microscopy of Mesenteric Venules: Number of 
Rolling Leukocytes per Minute 

Animals Baseline First Response Second Response 

Wild-type 10.5 ± 2.5 24.9 ±7.1 17.3 ± 3.2 

(n = 8) 

Mutant <0.05 0.10 ± 0.06 0.04 ± 0.04 

(n = 5) 

The mice were prepared as in Figure 6, and. following the 10 min 
baseline period, 10 ^M calcium ionophore A23187 was applied to the 
mesentery and venule by superfusion. Leukocyte flux determinations 
were made from a 20 min period following the addition of the Ionophore. 
This period was followed by a second addition of ionophore. The table 
summarizes the results from 8 wild-type males and 5 P select in -defi- 
cient males. Baseline and treatment groups were compared using the 
Student's t statistic for paired data. The p value for comparison of 
baseline rolling in the wild-type mice and initial respKjnse to ionophore 
is <0.05. Data are presented as mean ± SEM. 



To determine whether rolling of leukocytes could be in- 
duced in the homozygous mutant animals by enhanced 
activation of their endothelial celts, we added 10 |iM 
A23187, a calcium ionophore, to the exposed mesentery. 
A23187 has been shown in vitro to cause translocation of 
Weibel-Palade bodies to the endothelial cell surface 
within 10 min after addition (Sporn et al.. 1986). After 
A23187 addition, leukocyte rolling was recorded for 20 
min, followed by a second addition of ionophore and re- 
cording for 15 min. Addition of A231B7 to the mesentery 
of wild-type animals resulted in about a 2-fold increase 
in the number of rolling leukocytes (Table 3). There was 
typically a gradual decline in rolling leukocytes in wild-type 
mice over the 20 min period following the first addition of 
ionophore. The second addition induced an additional, 
less pronounced response over baseline (Table 3). In con- 
trast, in the P selectin-deficient mice examined, after the 
first A23187 addition, a total of three rolling leukocytes 
were observed in 2 of 5 animals examined, and after the 
second addition, only one rolling leukocyte was observed 
in 1 of the animals. We also tested hydrogen peroxide, 
another known In vitro secretagogue for Weibel-Palade 
bodies (Patel et al., 1991). Sixty minutes after hydrogen 
peroxide addition, rolling in 4 wild-type animals increased 
from 7.6 to 21 .4 leukocytes per min (data not shown). Con- 
sistent with our data on A231 87 superfusion, no leukocyte 
rolling was observed in 2 homozygous mutant animals 
either before or after hydrogen peroxide addition (data not 
shown). Thus, two secretagogues that result in increased 
rolling in wild-type mice fail to stimulate any significant 
rolling in the P selectin-deficient mice. The absence of 
increased leukocyte rolling after secretagogue treatment 
in P selectin-deficient mice suggests that the increase 
observed in wild-type animals is due to the presence of 
P selectin and not to nonspecific injury to the vessel wall 
induced by the secretagogues. 

Leukocyte counts were determined from blood samples 
taken prior to surgery and at the conclusion of these rolling 
experiments. Analysis of total peripheral leukocyte and 
neutrophil counts revealed that homozygous mutant ani- 
mals had more neutrophils than wild-type animals and 
comparable leukocyte counts both at the beginning and 



end of the experimental procedure (data not shown). This 
indicates that the lack of leukocyte rolling in homozygous 
mutant animals cannot be attributed to systemic neutro- 
penia or leukopenia. 

Eff ct f P Selectin Deficiency on Neutrophil Influx 
int Inflamed P ritoneal Cavity 

To determine whether neutrophils can be recruited to sites 
of inflammation in P selectin-deficient mice, thioglycol- 
late, used in previous studies as an effective inducer of 
neutrophil-mediated inflammation (Lewinsohnet al., 1987; 
Jutila et al., 1989; Watson et al., 1991), was injected into 
the peritoneal cavity of wild-type and P selectin-deficient 
mice. At various time intervals, blood samples were taken 
to determine peripheral neutrophil counts, followed by la- 
vage of the peritoneal cavity to examine intraperitoneal 
neutrophil influx (Figure 7). Seventy-five minutes after thio- 
glycollate administration, the neutrophil influx in wild-type 
animals was approximately 28 times that in the homozy- 
gotes. At 135 min, wild-type animals had 6.5 times more 
neutrophils in the lavage than the homozygous mutant 
mice. At the 4 hr time point, there was significant recovery 
of neutrophil influx in the homozygous mutant animals, 
such that the difference in neutrophil influx between wtid- 
type and homozygous mutant animals had narrowed to 
2-fold (Figure 7A). To ensure that the decrease in neutro- 
phil influx in homozygous mutant animals was not due to 
neutropenia, we determined total neutrophil counts in the 
blood samples of thiogiycoltate-treated animals. In both 
wild-type and homozygous mutant animals, the numbers 
of peripheral blood neutrophils increased in response to 
thioglycollate, and the neutrophil counts in homozygous 
mutant animals were elevated over those in wild-type by 
, approximately 1 .5- to 2.0-fold for all three time points (Fig- 
ure 7B). This demonstrates that there is an abundance of 
circulating neutrophils in the P selectin-deficient animals 
but that the neutrophils are unable to exit the blood stream 
effectively at early stages of inflammation because the 
endothelium and/or platelets are deficient in P selectin. 

Effects of P Selectin Mutation on E Selectin 
and L Selectin Expression 

Since all three selectin genes are clustered within 300 kb 
on murine chromosome 1 in the order P selectin, L selec- 
tin, and E selectin (Watson et al., 1990), it was possible 
that the targeted P selectin mutation could have affected 
a locus control region that affects expression of all three 
genes. To study whether the mutation in P selectin had 
any effect on E selectin, we examined E selectin transcript 
levels in lungs of LPS-treated wild-type, heterozygous, and 
homozygous mutant animals. LPS has been shown tojn- 
duce E selectin message. Approximately equal amounts 
of E selectin transcript were present in lung tissue of wild- 
type, heterozygous, and homozygous mutant animals. 
This indicates that the mutation at the P selectin locus did 
not affect E selectin gene transcription (Figure 2A). 

To assess L selectin expression, we incubated whole 
blood from wild-type and homozygous mutant animals with 
phycoerythrin-conjugated MEL14, a rat monoclonal anti- 
body against murine L selectin. To identify monocytes and 
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Figure 7. Peritonei Neutrophil Influx and Peripheral Neutrophil Counts after Thioglycollate Administration 

(A) At the indicatec :mes after thioglycollate administration, total cells in the peritoneal lavage were counted, and the percentages of neutrophils 
in the lavage were z-rtermined. Six wild-type and six homozygous mice were used per time point, except for the zero time point (two mice of each 
genotype). Data are presented as mean ± SEM. Asterisk, p < 0.005; pound sign {#). p < 0.01. Stat-statned cytospin preparations of the peritoneal 
exudate of a wild-t.^e and a homozygous mutant animal 4 hr after thioglycollate injection are shown on the right and illustrate the appearance 
of potymorphonucte a.' neutrophils (arrowhead) present in the peritoneal lavage. Other cells in the lavage include lymphocytes, resident macrophages, 
mesothelial cells, ezsinophils, and mast cells. 

(B) Blood samples -om wild-type and homozygous mutant mice were taken at the indicated time intervals following thioglycollate administration, 
and neutrophil cou-*.s were determined. 



neutrophils positNe for L selectin, we also included a mono- 
clonal antibody :o qm (subunit of the 32 integrin Mac-1) 
conjugated to fluorescein isothiocyanate (FITC). The red 
blood cells were iysed, and the sannples were subjected 
to flow cytometr.' using two-color Immunofluorescence. 
The mean log fluorescence for L selectin was almost iden- 
tical for homozyoous mutant and wild-type animals (Figure 
8). In counts (mean ± SD) on four mice of each genotype, 
leukocytes were 85% ± 2% L selectin-posittve in wild- 
type mice and 6' Vo ± 5% L selectin-positive in homozy- 
gous mutant mice, while Mac-1 -positive cells (largely neu- 
trophils and morc<:ytes) were 75% ± 6% and 72% ± 9% 
L selectin-positrve in wild-type and homozygous mutant 
mice, respectlvey. Parenthetically, Figure 8 also demon- 
strates again the elevation in Mac-1 -positive cells (upper 
right quadrant) n the P selectin-defictent mice. To test 
whether A23187 treatment as used in our attempts to in- 
duce leukocyte -oiling in the mutant mice might have 
caused shedding of L selectin from leukocytes, we added 
10 ^iM or 100 uM A23187 and phycoerythrin-conjugated 
MEL-14 to anticcagulated whole blood for 20 min and then 
subjected samples to flow cytometry. The fraction of leuko- 
cytes Fwsitive fo: L selectin was the same with or without 
treatment with A23187 (data not shown). These data 
clearly suggest nat, at the concentrations used, A23187 
does not cause cetectable loss of L selectin. 

It follows frorr. these results that the phenotypes dis- 
cussed above for :he P selectin-deficient mice are directly 
* attributable to the mutation at the P selectin locus and not 
due to a disrupton of the other two selectins. 
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Figure 8. Cytofluorimetric Analysis of L Selectin Expression on Leu- 
kocytes 

Anticoagulated whole blood collected from four wild-type and four ho- 
mozygous animals was incubated with a monoclonal antibody to 
mouse L selectin (MEL 1 4) conjugated to phycoerythrin and a rat mono- 
clonal antibody, Mac-1 , conjugated to FITC. Results from one pair of 
animals are shown. After red blood cell lysis, cells were analyzed by 
two color fluorescence. The top two quadrants contain the L selectin 
(MEL-1 4>-positive cells, lymphocytes in the upper left (Mac-1 -negative) 
quadrant and granulocytes plus monocytes (Mac-1 -positive) in the up- 
per right quadrant. Note the increase in Mac-1 -positive cells in the 
mutant sample and the equivalent levels of L selectin expression in 
both Mac-1 -negative and Mac-1 -positive cells in wild-type and mutant 
samples. 
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Discussi n 

The results reported here clearly demonstrate an im- 
portant role for P selectin in leukocyte interactions with 
the vessel wall. The mutation we have introduced inacti- 
vates the P selectin gene, producing mice that completely 
lack P selectin in their platelets and endothelial cells. How- 
ever, these mice continue to express L selectin and (32 
integrin on their leukocytes (Figure 8) and are inducible for 
E selectin expression, just like their wild-type littermates 
(Figure 2A). Therefore, any defects in their inflammatory 
responses can be attributed to the absence of P selectin 
in the continued presence of other candidate adhesion 
receptors. 

The fact that homozygous P selectin-deficient mice are 
viable, fertile, and of normal size and vigor demonstrates 
that P selectin is not required for normal development, 
including vasculogenesis and angiogenesis. Although P 
selectin expression has. to date, been reported only in 
platelets and endothelial cells, one could imagine roles 
for selectins In endothelial functions during development 
or in the functions of phagocytes required during tissue 
or bone remodeling. If P selectin does play such roles, it 
clearly is not absolutely required for them. P selectin does 
not appear to be required for platelet production and sur- 
vival or for routine hemostasis. The numbers of platelets 
are normal, and simple tests have not revealed any obvi- 
ous defects in platelet activation, aggregation, or release 
(Figure 4; unpublished data). Further analyses of platelet 
functions will be necessary to determine the roles of P 
selectin on activated platelets. 

In contrast with the absence of obvious defects in devel- 
opment or hemostasis, the P selectin-deficient mice do 
show several alterations in leukocyte behavior. The data 
presented here reveal three significant differences be- 
tween the mutant mice and their wild-type littermates. 
First, circulating neutrophil counts are elevated by an aver- 
age of 2.4-fold. Second, despite this neutrophilia, leuko- 
cyte rolling in mesenteric venules is essentially ablated 
by the P selectin mutation. Third, there is a 1-2 hr lag in 
the recruitment of neutrophils to an inflammatory site. All 
three of these phenotypic alterations are observed in three 
independent lines of P selectin-deficient mice and can 
therefore be firmly attributed to the mutation in the P selec- 
tin gene. 

The elevation of neutrophil counts is reminiscent of the 
situation in LAD patients. As mentioned in the Introduction, 
patients lacking (52 integrins show significant elevation (5- 
to 20-fold) in the number of circulating leukocytes, particu- 
larly neutrophils (Anderson and Springer, 1 987). A second 
genetic disease, known as LADII, is caused by a defect 
in fucose biosynthesis. Among other consequences, this 
defect leads to loss of the sialyl-Lewis x carbohydrate 
group that is a component of the ligand for, at least, P 
and E selectins (reviewed by Lasky, 1992; Bevilacqua and 
Nelson, 1993; Varki, 1992). LADII patients also show ele- 
vated circulating neutrophil counts (Etzioni et al.. 1992; 
Frydman et al., 1993). In all three cases, it is very likely 
that defects in the interactions of the neutrophils with the 
endothelium lead to higher numbers in the blood. Although 



failures in neutrophil-endothelium adhesion are the most 
plausible explanation for elevated circulating neutrophil 
counts, other contributions, such as elevated production 
or release to the circulation or extended lifespan of neutro- 
phils, cannot be ruled out at present. These possibilities 
can now be tested using these P selectin-deficient mice. 

Spontaneous leukocyte rolling on the vessel wall was 
first described by Rudolf Wagner in the microvessels of 
frog skin in 1839, Since then, many animal models have 
been used to study this phenomenon. We have chosen 
to examine leukocyte rolling in the exteriorized mouse 
mesentery, since this model has been well characterized 
in this species (Atherton and Born. 1972). The virtual 
absence of leukocyte rolling in mesenteric venules of P 
selectin-deficient mice, even after treatment with secreta- 
gogues known to cause extensive release of Welbel- 
Palade bodies, is somewhat surprising. Previous studies, 
using antibodies. Fab fragments, or L selectin-immuno- 
globulin chimeras as inhibitors, have implicated L selectin 
in this process (von Andrian et al.. 1 991 ; Ley et al., 1 991 ). In 
neither study was inhibition of leukocyte rolling complete, 
although it was significant (65%-90%). It is of course pos- 
sible that these blocking experiments could be misleading 
if the antibodies or chimeras were to interfere by steric 
hindrance with P selectin-llgand interactions not involving 
L selectin. That possibility aside, the prior studies raise 
the question of whether L selectin function could be com- 
promised in the P selectin-deficient mice. Several results 
argue against this. First, L selectin is expressed at normal 
levels and on normal proportions of the circulating leuko- 
cytes in the P selectin-deficient mice (Figure 8). Further- 
more, the antibody we used to detect L selectin, MEL-1 4, is 
a function-blocking antibody, suggesting that the epitope 
'crucial for L selectin function is intact. Despite the normal 
expression of L selectin, leukocytes did not roll on the 
endothelium of mesenteric venules either before or after 
treatment with A23187 or H2O2. This failure cannot be at- 
tributed to shedding of L selectin on A23187 stimulation, 
because, first, the deficit was obsen^ed without addition 
of agonists, second. A23187 did not abolish rolling in the 
wild-type animals (Table 3), and, third, direct tests showed 
that A23187 did not cause significant shedding of L selec- 
tin in vitro. We conclude that, if L selectin is indeed involved 
in leukocyte rolling, it is not sufficient by itself. Several 
possibilities exist. First, perhaps L and P selectins interact 
with each other to promote leukocyte rolling. Picker et 
al. (1991) suggest that L selectin on neutrophils, but not 
lymphocytes, is modified with sialyl-Lewis x and can thus 
serve as a ligand for P selectin (or E selectin). However, 
a recent report identifies the P selectin ligand on neutro- 
phils as a 120 kd protein distinct from L selectin (f^/loore 
et al.. 1992). A second possibility is that the absence of 
P selectin interferes with expression of the L selectin li- 
gand on the endothelial surface. We were unable to test 
conclusively whether Weibel-Palade bodies, which may 
contain the L selectin ligand, can release normally in the 
absence of P selectin. Therefore, we cannot exclude the 
possibility that.a necessary L selectin ligand is missing In 
the mutant mice as a consequence of defective Weibel- 
Palade body release or for other reasons. For example, 
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it remains possible that P selectin Itself is the ligand for 
L selectin. However, we could show that P selectin-defi- 
cient a granules do release (Figure 4B). and therefore, by 
analogy, it is likely that Weibel-Palade bodies can translo- 
cate to the surface in the absence of P selectin. A final 
possibility is that both L and P selectins are required, each 
interacting with its own ligand on the opposing cell to help 
guarantee sufficient adhesive interaction to resist shear 
stress. Whatever the explanation, the data show clearly 
that rolling requires adhesion mediated by P selectin (and 
perhaps also L selectin) and is not simply a consequence 
of the hemodynamics and rheology of the circulation (Ath- 
erton and Born, 1973; Schmid-Schonbein et aL, 1980). 

The final phenotype reported here, the 1-2 hr lag in 
recruitment of neutrophils to the peritoneal cavity after 
thioglycollate injection (Figure 7A), clearly implicates P 
selectin and, by inference, the leukocyte rolling for which 
it is essential in the extravasation of neutrophils from the 
circulation during the early stages of inflammation. Since 
neutrophils are the only leukocytes recruited in large num- 
bers during this period, we cannot draw conclusions about 
the effect of P selectin deficiency on the recruitment of 
monocytes and other leukocyte subsets that contain the 
P selectin ligand. Similar issues concerning the relative 
roles of P and L selectins in this phenomenon arise here 
as for the leukocyte rolling discussed above, since Watson 
et al. (1991) have reported that antibodies to L selectin 
or L selectin-immunoglobulin chimeras cause partial and 
temporary block of neutrophil influx into the peritoneal cav- 
ity after thioglycollate. Their time courses of neutrophil 
extravasation are very similar to those we obtained in the 
P setectin-deficlent mice (Figure 7A). Again, it is possible 
that both selectins are involved, either as complements 
or as obligate parallel pathways of adhesion. 

The recovery of neutrophil influx at later times (Figure 
7A; Watson et al., 1991) indicates that some other adhe- 
sion receptor(s) comes Into play. A good candidate is E 
selectin, which is synthesized by endothelial cells after 
treatment with inflammatory cytokines and peaks at 4 hr 
in in vitro experiments (Bevilacqua et al., 1 987). Antibodies 
to E selectin were shown to inhibit the accumulation of 
neutrophils in the peritoneal cavity 4 hr after intraperito- 
neal glycogen-induced peritonitis (Mulligan et al., 1991). 
Since induction of E selectin synthesis is intact in the P 
selectrn-deflcient mice (Figure 3), it would be expected 
to play a role in inflammation. The most plausible interpre- 
tation of our data on neutrophil influx into the inflamed 
peritoneal cavity is that this influx is largely dependent on 
P selectin at early times (<2 hr) and becomes dependent 
on E selectin at the later time points. This possibility is 
currently being examined further. 

The phenotypes we have described for the P selectin- 
deficient mice are consistent with the rapid expression of 
P selectin on the surface of stimulated endothelial cells 
and platelets and v/ith its role in vitro as an adhesion recep- 
tor for various leukocytes. Both leukocyte rolling and neu- 
trophil extravasation are compromised In these mice. The 
importance of P selectin in the steady-state maintenance 
of the different leukocyte populations in vivo has not been 
previously appreciated. We report that P selectin defi- 



ciency leads to an increase in the number of leukocytes 
in circulation, a phenomenon previously reported for LADI 
and LADII patients. P selectin is also expressed on acti- 
vated platelets, and one might have expected obvious de- 
fects in hemostasis. Although no alterations in platelet 
numbers were detected, further analyses of platelet func- 
tions in these mice should help to provide insights into the 
functions of P selectin on activated platelets. Indeed, it is 
possible that the absence of P selectin on platelets contri- 
butes to the phenotype of the P selectin-deficient mice, 
given the potential multiple interrelationships between 
platelets and leukocytes in inflammation. Also somewhat 
unexpected is the survival of the P selectin-deficient mice 
up to at least 1 year of age without obvious signs of infec- 
tion or disease under the conditions of standard animal 
husbandry. It remains to be tested how well these mice 
combat major experimentally induced infections. It is pos- 
sible that other selectins suffice in the absence of P selec- 
tin. Surface expression of both P and E selectins can be 
induced by a variety of secretagogues and/or cytokines. 
The relative contributions of these two endothelial selec- 
tins are currently unclear but are likely to depend on the 
circumstances. As mentioned, L selectin likely also plays 
a role in many cases. Recruitment of neutrophils, mono- 
cytes, eosinophils, basophils, NK cells, and other lympho- 
cytes to sites of inflammation is important both in normal 
defense mechanisms and in inflammatory diseases. All 
of these cells either express or can interact with one or 
more selectins. It will be challenging to discern which are 
the important players for recruitment of a given cell type 
in response to a given event. The availability of this strain 
of mice, in which one selectin is completely ablated without 
effecting the expression of the others, should aid greatly 
in deciphering the relative contributions of these adhesion 
receptors in various inflammatory and other biological re- 
sponses. 

Experimenta) Procedures 

Isolation of Genomic P Selectin Clones 

An amplified mouse genomic library constructed from the liver DNA 
of black agouti 129Sv mouse strain (kindly provided by Drs. H. Wu 
and R. Jaenisch. Whitehead Institute. Massachusetts Institute of Tech- 
nology, Cambridge, Massachusetts) was screened using human P 
selectin cDNA {kindly provided by Drs. B. Furie and 8. C. Furie, New 
England Medical Center, Boston. Massachusetts) as a probe. Frag- 
ments of human P selectin cDNA were prepared, and radiolabel was 
incorporated using random hexamer labeling techniques according 
to manufacturer's protocol. Prehybridization and hybridization (Sam- 
brook et al.. 1989) were performed in 40% formamide. 5 x SSC, 5 x 
Denhardt's. 0.1% sodium pyrophosphate. 0.5% SDS, 100 \igfm\ 
salmon sperm DNA. Filters were washed under low stringency (2 x 
SSC. 0.1 % SDS at 42**C). Several clones spanning the entire P selec- 
tin gene were isolated, and a X clone with a 15 kb genomic insert was 
identified as containing exon 3 and exon 4 of P selectin by Southern 
blot analysis and sequencing. The insert was subcloned into pBtue- 
script II KS(+/-) (Stratagene) and extensively mapped. 

P Selectin Homologous Recombination Constructs 

One hundred eleven base pairs of the third exon and 62 bp of the 
preceding intron of the P selectin clone were removed by digestion 
with Hindltl and Mscl. A 1.7 kb EcoRI-Hindlll pGKneo neomycin cas- 
sette that contains the promoter and 3' end of mouse phosphoglycerate 
kinase (pGK/reo) (described by McBurney et al.. 1991) was subcloned 
into the Hindltl-MscI site in the opposite transciptional orientation to 
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P selectin. The 4.6 kb Hindlll-Clal fragment and 1.2 kb Mscl-EcoRV 
fragment of the P selectin gene were included upstream and down- 
stream of the PGKneo cassette, respectively (Figure 1 A). Two 2.7 kb 
HSV thymidine kinase (HSVtk) cassettes, containing phosphogfycer- 
ate kinase promoters and 3' sequences (kindly provided by Drs M 
Rudnicki and R. Jaenisch. Whitehead Institute. Massachusetts Insti- 
tute of Technology), were Inserted into the polylinker region of pBlue- 
scnpt KS(+/-) in tandem and in the same orientation. The P selectin 
genomic construct containing the pGKneo gene was inserted between 
the two HSVtk cassettes so that the HSVtk cassettes were in the oppo- 
site transcriptional orientation to P selectin (Figure 1 A). A unique Not) 
site in the polylinker of pBluescript KS{+/-) of the construct was used 
to Irneanze the plasmid for trahsfection of embryonic stem cells. 

Cell Lines and Tissue Culture 

The ES celt line. ES-D3. derived from l29Sv 4 day blastocysts 
(Doetschman et al.. 1985). was kindly provided by Dr. Janet Rossant 
(Mt. Sinai Hospital Research Institute. Toronto, Ontario). The ES cell 
line was cultured on mitotically inactivated G4l8-resistant early pas- 
sage mouse fibroblasts, prepared from a transgenic strain of mice 
containing the neomycin resistance gene (kindly provided by Dr. R. 
Kemler. Max-Planck-lnstitut fur Immunobiologie, Freiburg. Federal Re- 
public of Germany). ES cells were grown in Dulbecco's modified Ea- 
gle's medium-HEPES (pH 7.5; Dulbecco's modified Eagle's medium 
purchased from Hazelton) with 15% fetal calf serum (Hazelton). 0.1 
mM minimal essential medium nonessential amino acids (GIBCO 
BRL). 100 nM 3-mercaptoeihanol (Fluka) and 1 0^ U/ml leukemia inhibi- 
tory factor (ESGRO; GIBCO BRL). Cells were maintained in a 5% CO,. 
95% humidity incubator. 

Transfection and Selection 

ES-D3 cells (passage 5 in our laboratory), resuspended to a density 
of 2.5 X 10' per ml, were electroporated at room temperature with 
25 ug/ml of the targeting construct at 240 V, 500 nF using a Bio-Rad 
GenePulser with a capacitance extender. Immediately following elec- 
troporation, cells were plated onto a monolayer of feeders. G418 (400 
ng/mi dry powder; GIBCO) and gancyclovir (2mM: gift from Syntex 
Corporation) were applied to the ES cell cultures 24 hr after plating 
Cells were allowed to grow for an additional 7-8 days without passag- 
ing, and rndividual clones surviving G418 and gancyclovir selection 
were isolated and divided into two wells. Cells from one set of wells 
were frozen, and the other set was subjected to Southern blot ' 
analysis. 

Southern Blot Analysis to Identify Targeted Clones 
and to Genotype Mice 

Individual ES clones were lysed in 150 mM NaCI, 20 mM Tris (pH 7 5) 
5 mM EDTA, 0.5% SDS. 0.25 mg/mf proteinase K overnight at 37°c' 
Samples were extracted with phenol-chloroform, and genomic DNA 
was isolated by ethanol precipitation. Genomic DNA (10 Mg) from each 
clone was digested with Xhol and Xbal. The DNA was resolved on a 
1 % agarose gel and transferred to nylon membrane (Zeta-Probe) using 
standard capillary transfer procedures. The hybridization probe was 
a radiolabeled 420 bp Hincll-BamHI fragment of P selectin genomic 
DNA, which contained sequences not included in the targeting vector 
Prehybridization and hybridization were carried out in 0 5 M sodium 
phosphate (pH 7.0). 1 mM EDTA. 7o^ SDS. 1% bovine serum albumin 
(BSA). 100 ng/ml salmon sperm DNA at 65<'C. Filters were washed 
twice in 40 mM sodium phosphate buffer (pH 7.0). 1% SDS. 1 mM 
EDTA, 0.5% BSA and twice in buffer without BSA at 65**C. Further 
analysis of the clones was carried out by digesting genomic DNA with 
other restriction enzymes: Xhol and Spel together and BamHI alone 
(Figure 1 A). Clones identified as being heterozygous for the desired 
homologous recombination event were further analyzed by Southern 
blot analysis, using a probe derived from the neomycin gene. To geno- 
type mice, genomic DNA was isolated from tail biopsies using methods 
of Laird et al. (1991). digested with BamHI. and blotted and probed 
as described above. 

Generation and Breeding of Chimeric Mice 

Injections of 20 ES cells into the blastocoel cavity of 3.5 day C57BU 
6J blastocysts were done according to protocols of Bradley (1987). 
Injected blastocysts, along with uninjected blastocysts, which served 



as carriers, were implanted into the uterus of 2.5 day pseudopregnant 
recipients. Chimeric males were mated with C57BU6J females at 5 
weeks of age. The numbers of agouti mice versus black mice resulting 
from this mating were scored, and agouti mice were subsequently 
genotyped by DNA analysis of tall biopsies. 

Northern Blot Analysis of P Selectin 
and E Selectin Expression 

Total RNA from lung and liver harvested from LPS-treated mice was 
rsolated using a guanidine thiocyanate procedure essentially as de- 
scribed (Sambrook et al.. 1989). Between 15 and 20 ng of total RNA 
was electrophoresed on a 1% agarose get in the presence of 6% 
formaldehyde and subsequently transferred to Zeta-Probe membrane 
filter using standard capillary blotting procedures. Detection of P selec- 
tin message was accomplished by probing with a mouse P selectin 
cDNA fragment spanning 1 .7 kb of the 3' end of P selectin (base pairs 
1406 to 3075). kindly provided by Dr. D. Vestweber (Max-PIanck- 
Institut fiir Immunbiofogie) and previously described (Weller et al.. 
1992). Prehybridization and hybridization were as outlined above for 
Southern blot analysis. The E selectin transcript was detected using 
an EcoRI-Sphr 1 .3 kb cDNA rat E selectin fragment (Fries et al 1993- 
kindly provided by Dr. T. Collins. Brigham and Women's Hospital' 
Boston. Massachusetts). Prehybridization and hybridization were per- 
formed as described for Isolation of genomic P selectin clones. cDNA 
fragments used for hybridization were radiolabeled by random priming 
Posthybridizatlon filter washing was conducted under high stringency 
(40 mM sodium phosphate buffer [pH 7.0]. 1 % SOS at 65«C) for detec- 
tion of P selectin transcript or reduced stringency (2 x SSC. 0.2% 
SDS at 42»C) for detection of E selectin transcript. 

Reverse Transcriptase- PCR 

Isolation of RNA samples from livers of LPS-treated wild-type, hetero- 
zygous, and homozygous mutant animals are described in the previ- 
ous section. First-strand cDNA synthesis from 10 jig of total RNA was 
performed according to manufacturer's protocols (Stratagene). using 
random and oligo(dT) primers. Oligonucleotide primers complemen- 
tary to regions of the CR8 domain or 3' untranslated domain (Figure 
2B) were incubated with one-tenth of reverse transcribed RNA mixture 
and subjected to 40 cycles of amplification using standard PCR proto- 
cols. PCR products were electrophoresed and transferred to nylon 
membrane by capillary transfer. The hybridization probe, a 1 09 kb 
PstI fragment of the 1.7 kb mouse P selectin fragment provided by 
Dr. D. Vestweber. was radiolabeled by random hexamer labeling tech- 
niques. Prehybridization, hybridization, and filter washing were carried 
out as described in the Southern Blot Analysis section. 

Immunofluorescence Staining and Flow Cytometry 

Blood smears were fixed in 3.7o/o (v/v) formaldehyde and permeabil- 
ized in 0.5% Triton X-100 in phosphate-buffered saline (PBS) without 
divalent cations. Cells were incubated for 30 min at 37'»C with rabbit 
polyclonal antibody to human vWf (American Bioproducts) diluted 
1:100 or with affinity purified rabbit anti-human P selectin polyclonal 
antibody diluted 1 : 100 (kindly provided by Dr. M. Berndt. Baker Medical 
Research Institute. Prah ran. Australia), followed by a 30 min incubation 
with fluorescein-conjugated goat antibody to rabbit immunoglobulin 
G diluted 1:100 (Boehringer Mannheim). 

To prepare lung sections, mice were given 0.5 ml of 3% sodium 
citrate (to inhibit blood coagulation) intraperitoneally and sacrificed 
Lungs were immediately perfused with PBS containing 0.5 mM CaCI^ 
and 1 mM MgClj followed with 2% paraformaldehyde in 0.1 M phos- 
phate buffer (pH 7.2) through the right ventricle. Warmed OCT was 

infused intratrachealty, and portions of fung were embedded and fro^ 

zen in OCT. Sections were permeablllzed in acetone, blocked with 
avidin-biotin solution, and incubated with polyclonal rabbit anti-mouse 
P selectin antibody (kindly provided by Or. D. Vestweber) or polyclonal 
vWf antibody at 37*»C for 30 min. The sections were labeled with biotin- 
conjugated (goat anti- rabbit) (Vector) antibody followed by streptavi- 
din-FITC (Zymed). Control sections lacked primary antibody. 

Flow cytometric analysis of Mac-1 and L selectin surface expression 
on mouse leukocytes was performed after a 30 min incubation at room 
temperature .of 30 mI whole blood samples with fluorescein (FITC)- 
labeled rat monoclonal antibody to the mouse CD1 lb subunit (Boeh- 
ringer-Mannheim) diluted 1:50 and phyooerythrin^njugated rat mono^ 
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clonal antibody to L selectin (MEL14) (Pharmingen) diluted 1:50. 
Negative controls were stained with FITC-conju gated rat anti-mouse 
immunoglobulin G alone. Erythrocytes were then (ysed by adding 800 
ii\ of fluorescence-activated cell sorting solution (Becton-Dickinson). 
and FITC-conjugated monoclonal antibody and phycoerythrin-conju- 
gated monoclonal antibody binding to leukocytes was determined on 
a FACScan flow cytometer (Becton-Dickinson) using two color immu- 
nofluorescence. Ten thousand cells were analyzed. 

Platelets were collected after passage of platelet-rich plasma 
through a Sepharose 2B column (Pharmacia) equilibrated with 3.5 mM 
HEPES, 137 mM NaCI, 2.7 mM KCI. 12 mM NaHCOa. 1 mM MgCU. 
0.1% glucose at pH 7.0. Platelets were activated by incubation with 
0.5 U/ml thrombin for 20 min at room temperature. Platelets were fixed 
in 2% paraformaldehyde in 0.1 M phosphate buffer (pH 7.2) and then 
incubated with rabbit polyclonal antibody to human vWf (American 
Bioproducts) diluted 1 :100, affinity purified rabbit anti-human P selec- 
tin polyclonal antibody (kindly provided by Dr. M. Berndt) diluted 
1 :50, or an immunoglobulin G control diluted 1 :50. Platelets were then 
spun down, washed in PBS containing 1% BSA, and incubated in 
FITC-conjugated goat anti-rabbit Fab fragment (TAGO). Flow cytome- 
try of P selectin and vWf surface expression on mouse platelets was 
performed. To Include predominantly single platelets in the analysis 
of activated platelets, the window of analysis was determined using 
resting platelets. FITC-positive cells were determined on a FACScan 
flow cytometer using characteristic fonA/ard angle light scatter and one 
color immunofluorescence. Ten thousand cells were analyzed. 

Immunoprecipttation from Lung Tissue and Electrophoresis 
of Samples 

Wild-type and homozygous mutant mice were either given an intraperi- 
toneal injection of 1 .9 jig of LPS (Sigma) per g of body weight , d issoived 
in 500 m1 of PBS, or left untreated (three animals for each category). 
At 1.5 hr after the injection, lungs were removed from untreated and 
LPS-treated animals, sliced into small pieces, and incubated with 1 .25 
mCi/ml pSJcysteine {New England Nuclear-Dupont) in Dulbecco's 
modified Eagle's medium-5% fetal bovine serum for 3.5 hr. Tissue 
was homogenized in 2% Triton X-100 in PBS supplemented with 2 
mM phenylmethylsulfonyl fluoride, the sample was centrif uged at 3400 
rpm for 1 5 min, and the pelleted debris was discarded. Prior to immuno- 
precipitation, the samples were incubated for 1 .0 hr with gelatin-Seph- 
arose to remove the majority of fibronecttn. Subsequently, samples 
were sequentially incubated with polyclonal antibody to human P se- 
lectin (kindly provided by Dr. M, Berndt) bound to protein A-Sepharose 
and with polyclonal human vWf antibody (American Bioproducts) 
tx)und to protein A-Sepharose. Protein samples adsorbed to beads 
were denatured, reduced, and electrophoresed on a 6% SDS-poty- 
acrylamide gel (Laemmli, 1970). 

Detection of Rolling Leukocytes by Intravital Microscopy 

Mice were anesthetized using tribromoethanol (0.3 mg/g), a small 
blood sample was obtained by an eyebleed, a midline abdominal inci- 
sion was made, and the mesentery was gently exteriorized. A venule 
of 25-35 ^m was located for examination, and the same venule was 
observed for the entire procedure using a Zeiss IM35 inverted micro- 
scope (objective 32 x , 0.4 NA) connected to a SVHS video recorder 
(Panasonic AG^720A, Matsushita Electric. Japan) using a CCD video 
camera (Hamamatsu Photonic Systems, Hamamatsu City. Japan). Ex- 
posed tissue was kept moist by periodic superfusion using PBS (with- 
out additional Ca** or Mg^*) warmed to 37«C. Rolling leukocytes were 
readily discernible as deformable, diffractive spheres (Atherton and 
Born, 1972, 1973) and were quantitated by counting the number of 
cells passing a given plane perpendicular to the vessel axis in 1 min. 
Baseline rolling was determined during the first 10 min after surgery 
by taking a minimum of four 1 min counts. A23167, a calcium iono- 
phore, was then applied to the exposed mesentery at a concentration 
of 10 nM, and four 1 min leukocyte flux determinations were made. 
Twenty minutes following the initial A231 87 superfusion, another appli- 
cation of 10 ^M A23187 was made. After an additional 1 5 min, a blood 
sample was taken, and the animal was sacrificed. Blood samples taken 
t^efore and at the termination of the procedure were examined for total 
leukocyte and neutrophil counts. For hydrogen peroxide treatment. 
0.01 % or 0.1 % hydrogen peroxide diluted in PBS was used. Hydrogen 



peroxide was added every 15 min to the exposed mesentery, and a 
minimum of four 1 min counts were made after each addition. 

Thioglycotlate Administration and Peritoneal Lavage 
Mice were injected Intraperitoneally with 1 ml of thioglycollate (kindly 
supplied by Dr. S. Watson. Genentech, South San Francisco. Califor- 
nia). After various times, blood samples were taken, animals were 
sacrificed, and 9 ml of PBS supplemented with 0.1% BSA, 0.54 mM 
EDTA, and 10 U/ml heparin was injected into the peritoneal cavity. 
The injected wash was subsequently withdrawn while gently massag- 
ing the peritoneal wall . Total celts in the lavage were counted by Coulter 
counter, and cytospin preparations of the cells were stained with 
Wright's stain (Baxter). Cells were differentially counted to determine 
the percentage of neutrophils. 
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